The process of the synthesis of superheavy elements ͑SHEs͒ is not yet understood completely. In the presented work we make an attempt to describe the cold fusion reactions of the type Xϩ(Pb,Bi)→SHE ϩ1n at subbarrier energies. The process of the formation of SHEs is subdivided into three steps. ͑1͒ The capture of two spherical nuclei and the formation of a common shape of the two touching nuclei. Low-energy surface vibrations and transfer of few nucleons are taken into account in the first step of the reaction. ͑2͒ The formation of a spherical or near spherical compound nucleus. ͑3͒ The survival of the excited compound nucleus due to evaporation of neutrons and ␥-ray emission in competition with fission. A lowering of the fission barrier was taken into account, which arises from a reduction of shell effects at increasing excitation energy of the compound nucleus. The following reactions were analyzed in detail: (
I. INTRODUCTION
The synthesis of superheavy elements ͑SHEs͒ was and still is an outstanding research object. The properties of SHEs were studied both theoretically as well as experimentally ͓1-27͔. In two series of experiments the heaviest elements from 107 to 109 and from 110 to 112 were synthesized at GSI in Darmstadt by using cold fusion ͓1,2͔. In cold fusion, SHEs are synthesized by reactions of the type X ϩ(Pb,Bi)→SHEϩ1n at subbarrier energies. The excitation energy of a compound nucleus formed by cold fusion is low, approximately 10-20 MeV only. It was measured that the kinetic energy of the reaction partners in the center-of-mass system corresponds to the fusion barrier or is even less ͓2͔. The cross section for the synthesis of SHEs is very small and decreases strongly with increasing atomic number.
The fission barrier of SHEs is determined by the shell structure ͓8,9,16-26͔, because the contribution of the macroscopic liquid-drop part to the fission barrier is close to zero or, for the heaviest systems, even negative. A method to include shell-structure effects in calculations at large nuclear deformation, so for heavy-element fission barriers, was introduced successfully by Strutinsky ͓8͔.
The properties of SHEs were investigated theoretically using the Strutinsky method ͓8,9,16-26͔. The ground-state deformation, the fission barrier, the binding energy and the competition between various possible decay modes was studied ͓16-20͔. However, the dynamical process leading to the formation of SHEs by heavy-ion fusion reactions is not yet understood well enough. Only recently, few attempts were undertaken to develop models for describing the fusion process and for reproducing the measured cross-section data ͓14-18͔.
The concept of a dynamically developing dinuclear system was used in ͓12,13͔ in order to estimate cold-fusion reaction cross sections. As a fitting parameter the survival probability of the compound nucleus was adjusted, and the cross sections measured at the maximum of the excitation function could be reproduced. However, the energy dependence of the cross section and the shape evolution of the dinuclear system were not considered.
The dynamical models discussed in ͓14,15͔ for describing the fusion are based on diffusion processes forming SHEs. Starting from the shape of two touching nuclei the configuration evolves to a near spherical compound-nucleus shape. The models were applied for the evaluation of cross-sections forming SHEs in fusion reactions at energies well above the barrier. In this hot fusion reaction the compound nucleus cools down by evaporation of several neutrons. Hot fusion was recently used in Dubna for an experimental investigation of elements up to 114 ͓3,5͔.
The measured excitation functions for the formation of SHEs by cold fusion reveal a narrow width of the curves and a shift of the position to smaller excitation energies with increasing element number ͓2,6͔. An appropriate model should reproduce also these observed phenomena. In the following we present a model aiming at reproducing the measured excitation functions for the synthesis of SHEs.
Because the cold fusion is observed at energies below the barrier, we consider as a first step in the model the capture process and the penetration of the fusion barrier ͑Sec. II͒.
The formation of a compound nucleus of a near spherical equilibrium shape occurs after capture. A barrier develops on the way from the touching configuration of two spherical nuclei to the near spherical compound-nucleus shape. The shape evolution and the transmission through the barrier on the way to the spherical or near spherical configuration are discussed in Sec. III. The last step of the reaction is determined by the evaporation of nucleons and the emission of ␥ quanta forming SHEs in the ground state. These processes are in competition with fission ͑Sec. IV͒.
In Sec. V, the obtained results are discussed and compared with the available experimental data. The conclusion is presented in Sec. VI.
II. TRANSMISSION THROUGH THE FUSION BARRIER
Various mechanisms were discussed to explain the phenomenon of subbarrier fusion: the excitation of low energy states in projectile and target nucleus ͓28-32͔, the transfer of nucleons ͓28,29,32-35͔, the barrier reduction due to deformed nuclear shapes and the neck formation ͓36͔. It was shown that the fusion cross section is strongly enhanced by the coupling to both the low-energy surface vibrations ͓28-32͔ and the few-nucleon transfer channels ͓32-35͔.
The model which we apply here for the barrier penetration is discussed in more detail in ͓33͔. In the following, we present the main features of the model. It describes well the experimental data of the fusion cross sections fus (E) as well as of the mean angular momenta ͗L(E)͘ in the case of lighter nuclei. The enhancement of subbarrier penetration due to the coupling to both the low-energy surface excitations and the neutron transfer is taken into account.
A. Barrier transmission enhanced by low-energy surface vibrations
The system of coupled channel equations in the case of coupling to the low-energy vibrational states has the form ͓28-32͔
where i (r)ϭ i (r)/r is the wave function, i is the reduced mass, l i is the value of the orbital angular momentum in units of ប, V(r) is the nucleus-nucleus interaction potential, Q i is the Q value of the reaction in channel i, E is the collision energy, and V i j (r) is the coupling potential. The coupling potential between the ground-state and the channels connected with the low-energy surface vibrational state of multipolarity is given by ͓28,29,31-33͔
Here V iϪi (r) is the nuclear part of the interaction potential V(r), z 1 and z 2 are the proton numbers, e is the charge unit, and ␤ i R i is the deformation length of the ith vibrational state in the nucleus with radius R i . As in ͓31-33͔, we assume that all reduced masses i and orbital angular momenta l i are equal in all channels related to the vibrational excitations. Then, by setting the radial dependence of the coupling potential at the barrier position V i j (r)ϭV i j (R ), we diagonalize the system ͑1͒ with the help of the substitution
where U ik is the transformation matrix and k (r) is the wave function ͑eigenvector͒. The coupling matrix M i j takes the form
and after diagonalization we find the eigenvalue ⑀ k . In this case the partial fusion cross section (E,l) is equal to ͓29,31,32͔
where T(E,V lk ) is the transmission coefficient obtained for the one-dimensional effective potential V lk
We conclude from Eq. ͑5͒ that the partial cross section for fixed E and l is determined by the sum of the transmission coefficients T(E,V lk ) obtained for the effective potential V lk with the weights ͉U k0 ͉ 2 . The effect of fusion cross-section enhancement due to the coupling to the low-energy vibrational states is related to the smallest eigenvalue ⑀ k , which is negative and lowers the interaction potential.
The total fusion cross section is equal to
The total fusion cross section is identical to the capture cross section, the first step in the formation process for SHEs.
B. Barrier transmission enhanced by nucleon transfer
Let us consider the transfer reaction in the DWBA approach, which describes well the nucleon-transfer reactions near and below the barrier ͓28͔. In the DWBA approximation we neglect the influence of the transfer channels on other reaction channels. In this case the matrix M has a box structure. Each box of the matrix M in Eq. ͑4͒ is similar to the respective box without transfer. For each transfer channel we have an enhancement described by Eqs. ͑4͒, ͑5͒, and ͑7͒. Because the energy and the deformation length of the vibrational states vary only little for nuclei, which differ by several nucleons, we assume that the values of ⑀ k and ͉U k0 ͉ 2 for each specific transfer channel do not differ much from the ones obtained in Eq. ͑4͒ without transfer. In this case the partial fusion cross section of the transfer channel f is deter-mined also by Eqs. ͑4͒-͑6͒, but the transmission coefficient should be calculated by taking into account the few-nucleon transfer.
If the energy of the collision is smaller than the barrier of the effective potentials before and after nucleon transfer and if the transfer occurs at the distance r tr , then the transmission coefficient may be written as ͓33͔
where the action A(E,V lk i ,V lk f ,r tr ) is given by
We apply the Landau method for the integration over a complex classical paths in the case of transitions between systems with arbitrary degrees of freedom, see for details ͓33͔ and Eq. ͑52.1͒ and related text in ͓37,38͔. The action
͑10͒
describes the tunneling of ions in an effective potential before nucleon transfer V lk i from the outer turning point r lk i up to r tr , the action A f (E,V lk f ,r tr )
is related to the tunneling of ions in an effective potential after nucleon transfer V lk f ,
from the point r tr to the inner turning point r lk f of the effective potential V lk f (r). Here Q tr f is the Q value of the transfer reaction in channel f.
We assume that in the case of m-neutron transfer during barrier penetration in fusion of heavy ions the action A tr (E,r tr ) connected with the nucleon transfer process can be written as
This form of the action describes the tunneling of m neutrons between square potential wells. In Eq. ͑13͒ we introduced a parameter ␦, which takes into account the finite diffuseness of a more realistic nucleon-nucleus potential. The barrier for the transferring nucleon disappears at the finite distance ␦ between the surfaces of the reacting nuclei.
The wave function of the transferring nucleon may be concentrated more in the volume or more in the surface region of the parent nucleus. Therefore, the nucleon transfer amplitude, which is related to the overlap integral of the wave functions, can have its maximum at larger or smaller distances of the colliding nuclei. This effect can be taken into account by a small variation of the parameter ␦ in Eq. ͑13͒. We chose the same value ␦ϭ0.7 fm as used in ͓33͔ for colliding systems at the ␤-stability line.
The distance r tr at which the nucleon transfer takes place, is determined from the principle of minimal action, see Sec. 52 in ͓38͔. Therefore, the integral over the tunnel trajectory including the few-nucleon transfer has its minimum value of the action ͑9͒ and its maximum value of the transmission coefficient ͑8͒. The few-nucleon transfer is especially important when Q tr f ӷ1 MeV and the action ͑11͒ is small. The action A(E,V lk i ,V lk f ,r tr ) is a function of the Q value of the transfer reaction and of the separation energy E i of the transferred nucleon. Therefore, the greatest enhancement of subbarrier fusion due to few-nucleon transfer happens at a small value of E i and at large positive Q value.
The expression ͑8͒ for the transmission coefficient is valid for collision energies E smaller than the effective barriers V lk i before, and V lk f after the few-nucleon transfer. In the case V lk f ϽEϽV lk i and r tr ϾR lk f , the transmission coefficient has the form ͓33͔
Here R lk f is the distance between ions at the barrier of the effective potential V lk f , T HW (E,V lk f ) is the transmission coefficient for the effective barrier after transfer, obtained in the Hill-Wheeler approximation ͓39͔ and taking into account the reflection during barrier penetration. The subbarrier tunneling of nuclei before the nucleon transfer and the subbarrier nucleon transfer are described by the first term in Eq. ͑14͒. The term T HW is related to reactions above the barrier after nucleon transfer.
If V lk f ϽEϽV lk i and r tr ϽR lk f , then one should take into account the separation of the system after few-nucleon transfer. The transmission coefficient is written as ͓33͔
We use the transmission coefficient in the Hill-Wheeler approximation at high collision energies EϾV lk f and E ϾV lk i , however, do not take into account the enhancement of fusion due to nucleon transfer in this case. The expressions ͑14͒ and ͑15͒ are written for the case Q tr Ͼ0 and may easily be transformed to the case Q tr Ͻ0.
The compound nucleus is formed after any kind of transfer. Therefore, the total capture cross section is the sum of Eq. ͑5͒ and of all possible transfer channels f, i.e.,
Note that the contributions to the total cross section are small for the channels with Q tr Ϸ0 and are negligible for Q tr ӶϪ1 MeV due to the exponential dependence of the transmission coefficient. Now, we determine the interaction potential between two nuclei at a distance r,
Various parametrizations of the nuclear part V iϪi (r) of the potential between spherical nuclei are known in literature ͓28,29,40͔. We chose the Krappe-Nix-Sierk V KNS (r) ͓40͔ potential in our calculation for rуR 12 ϭR 1 ϩR 2 . In order to avoid shape dependence for distances rϽR 12 , we use a parametrization of the interaction potential V(r) for rϽR 12 of the form
where Q fus is the Q value of the fusion reaction calculated from the experimental masses ͓41͔ or the theoretical mass predictions ͓42,43͔. The parameter x in the second term is only r dependent, xϭ(rϪR fus )/(R 12 ϪR fus ), R fus is the distance between the centers of gravity of the left and right hemisphere of the compound nucleus. The coefficients c 1 and c 2 are obtained from equating the potentials V(r) ͑17͒ and V fus (r) ͑18͒ and their derivatives at the touching point R 12 ϭR 1 ϩR 2 . We take a quadratic dependence of V fus (r) at xϭ0, because the potential ͑deformation͒ energy of the highly excited compound nucleus is minimum for a spherical shape, i.e., at xϭ0. In our model the parametrization ͑18͒ is only needed close to distances R 12 .
The reduced mass for rϾR 12 is given by a standard expression, see for example ͓28͔. The reduced mass in Eqs. ͑10͒ and ͑11͒ for rϽR 12 is a function of r. We used the parametrization of (r) introduced in ͓25͔
with kϭ16. This semiempirical dependence of the reduced mass was successfully used in calculations of the fission lifetime of heavy nuclei ͓25͔ and cluster radioactivity ͓44͔. Without transfer channels, i.e., only low-energy excitations are included, our model is similar to the CCFUS model ͓32͔. A difference arises from the treatment of the transmission coefficient below barrier. In our model we use the WKB approximation and calculate the transmission coefficient using the action integral, whereas in the CCFUS model the Hill-Wheeler approximation ͓39͔ is used. The difference related to the different parametrization of the nuclear part of the potential in both models can be evaluated, because this parametrization can be easily exchanged. Without transfer channels, our and the CCFUS model lead to similar results.
In our model, the capture process, the first step in the synthesis of SHEs by cold fusion, is enhanced by both the low-energy surface vibration in, and the neutron transfer between target and projectile. The energy, deformation length and multipolarity of the surface vibrations are determined by nuclear structure effects. They also influence the separation energy of transferred neutrons and the reaction Q value. Therefore, in the survey of cross-section calculations as given later, it will be interesting to establish nuclear structure effects for the barrier transmission resulting from the capture step of the reaction.
The importance of subbarrier nucleon transfer channels for the synthesis of SHEs was already pointed out in ͓2,35͔.
III. FORMATION OF THE NEAR SPHERICAL COMPOUND NUCLEUS
The shape of the fusing system after barrier penetration, i.e., at the inner turning point, is not much different from that of two spherical nuclei at the touching point. It is elongated, asymmetric and laced. From such a configuration the system develops further into the direction of a near spherical compound nucleus and later to the ground state, which can be deformed or spherical. This shape evolution is described by the equation
Near the inner turning point, the deformation parameters have rather big values, ␤ 2 Ϸ1.9, ␤ 3 Ϸ0.25, ␤ 4 ϷϪ0.4, . . . in the case of colliding spherical nuclei with atomic weights A 1 Ϸ64 and A 2 Ϸ208. The values of the deformation parameters of SHEs in the ground state are ␤ 2 Ϸ0Ϫ0.3 and ␤ 3,4, . . . Ϸ0; see also Table I . The deformation parameters change significantly during the development to a spherical configuration. Note that the radial vector R(͕␤͖) in Eq. ͑20͒ depends on the deformation parameters ͕␤͖ ϭ␤ 2 ,␤ 3 ,␤ 4 , . . . ,␤ N due to the volume conservation filled by the nuclear matter at variation of ͕␤͖.
The series ͑20͒ converges badly for asymmetric shapes. Nevertheless, we try to find a parameter set ␤ 2 ,␤ 3 ,␤ 4 , . . . ,␤ 9 describing two touching spherical nuclei with maximal accuracy, which is possible to reach by using the parametrization ͑20͒ and ␤ 2 ,␤ 3 ,␤ 4 , . . . ,␤ 9 . Then, the description by using Eq. ͑20͒ for two touching spheres is sufficient.
We assume that during the development to sphericity the even and odd deformation parameters change by the same factors p and q, respectively, p␤ 2 ,q␤ 3 ,p␤ 4 ,q␤ 5 , . . . ,q␤ 9 . In the case of high asymmetry, the parameters are p,qϷ1 and near sphericity p,qϷ0. The parameters p and q are connected to the elongation and asymmetry degrees of freedom of the nuclear shape during the formation of the spherical compound nucleus, respectively. The potential energy surface for the nuclei
The macroscopic energies and shell correction energies as function of the parameters p and q in the deformation space p␤ 2 ,q␤ 3 ,p␤ 4 ,q␤ 5 , . . . ,q␤ 9 were calculated by using the computer code WSBETA ͓45͔. The code uses a WoodsSaxon potential with a ''universal'' parameter set ͓45͔, and 19 harmonic oscillator shells are taken into account for the calculation of the eigenvalues. The residual pairing interaction is calculated by means of the Lipkin-Nogami method ͓46͔. The macroscopic part of the deformation energy is evaluated using the Yukawa-plus-exponential potential ͓47͔.
Especially important in the calculations of the fusion and fission barriers is the dependence of the shell-correction energy from the nuclear temperature. In the first step of the reaction, the crossing of the fusion barrier, the system is not strongly heated. The reason is that the collective velocities are rather small for cold fusion at subbarrier energies. This is different after crossing the inner barrier B Sph . Then, the nuclear temperature is high, and the shell-correction energy is severely washed out. As a consequence, the fission barrier decreases and the ratio between fission and neutron evaporation increases. More details are given in the next section.
For all cases shown in Fig. 1 , there exists a barrier B Sph between the configuration of two touching spheres and the spherical or near spherical compound nucleus. The height of the barrier is increasing with the atomic number. A similar result was obtained by another investigation, however, with a different parametrization for both the mean field potential and the shape evolution ͓22,23͔.
Note that due to bad convergency of the series ͑20͒ and relative restriction between even and odd deformations in Eq. ͑20͒ during shape evolution our estimation of the inner barrier has of qualitative character. Exact calculation of this inner barrier is very difficult. Our calculation has qualitative sense and gives the upper limit of this barrier. Rf was also observed in ͓22͔.
The transmission coefficient T S (E,B Sph ) for the barrier penetration during the shape evolution from the touching projectile and target nuclei to the near spherical shape of the compound nucleus were estimated in the Hill-Wheeler approximation ͓39͔ for various collision energies E. The value of the barrier height B Sph was extracted from Fig. 1 . For the curvature of the barrier we used 1 MeV in the case of the deformed SHEs and increased this value up to 3 MeV for the spherical SHEs.
As will be shown later, the inner barrier B Sph is less important in cold fusion leading to SHEs with Zр110, because the lowest collision energies used experimentally ͓2͔ were above the height of the barrier and already on the decreasing slope of the excitation function. However, the inner barrier becomes significant for the formation of SHEs with Zу112 at low collision energies.
IV. COMPETITION BETWEEN NEUTRON EVAPORATION AND FISSION
After the first two steps of the reaction, the transmission through the fusion and the inner barrier, a compound nucleus of atomic weight A is formed with equilibrium deformation near sphericity and excitation energy E*. The dominant decay modes of a heavy compound nucleus at low excitation energy, as it is the case in cold fusion, are the evaporation of neutrons and the fission. The residue of mass AϪ1 after neutron emission may still be excited. Again, it may fission or cool down by emission of ␥'s. Therefore, the survival probability in the formation process from a compound nucleus to a residue with charge Z, atomic mass AϪ1 and angular momentum l is equal to
where
is the width of neutron emission ͓10͔,
is the fission width ͓10͔, and
is the width of formation of SHE in the ground state. E is the collision energy in the center of mass system and Q fus is the fusion-reaction Q value ͓see also Eq. ͑18͔͒. E sep is the neutron separation energy, B CN * and B SHE * are the saddle point energy of the compound nucleus and of the residue after neutron emission used for evaluation of ⌫ fis in Eqs. ͑21͒ and ͑24͒, respectively,
is the width of ␥ emission ͓27,48͔. E 0 Ϸ80A 1/3 MeV and ⌫Ϸ5 MeV are the energy and the width of the giant dipole resonance, respectively.
The transmission coefficient of the neutron emission T n (,l n , j n ,A,Z) used in Eqs. ͑22͒ and ͑24͒ is calculated in the WKB approximation ͓38͔ using the Becchetti-Greenlees neutron-nucleus potential ͓49͔.
The fission transmission coefficient T fis (E*,,B*,A,Z) in Eq. ͑23͒ of a nucleus at excitation energy E* is calculated by using the Hill-Wheeler approximation ͓39͔, T fis ͑ EϩQ fus ,,B*,l,A,Z ͒ ϭ1/͓1ϩexp"2͑ϪB*͒/͑ប ͒…͔. ͑26͒
The curvature ប of the fission barrier depends from the spontaneous-fission lifetime T sf of the ground state បϭ2B/ln͑T sf /T 0 Ϫ1 ͒ and from T 0 ϭ2(ln 2)ប/E zp . Here, we take the same value of the zero point energy E zp ϭ0.7 MeV as in ͓17,18͔. The fission of an excited nucleus is an isoentropic process ͓24,26͔. According to Strutinsky's shell-correction method ͓8͔, the fission barrier B* of an excited nucleus at lϭ0 is given by
where E sadl macro and E g.s. macro are the macroscopic energies calculated for the nucleus at deformation of the saddle point and the ground state, respectively. We rewrite Eq. ͑27͒ in the form B*Ϸ͓E sadl macro ϪE g.s.
macro ͔Ϫ␦E g.s.
shell ͑ E*͒, ͑28͒
because the shell-correction energy at the saddle point is close to zero ͓53͔.
The shell-correction energy of excited nuclei is smaller as in the ground state, it decreases with increasing excitation energy E* ͓24,26,27,50,51,54-56͔. The following ansatz is used ͓27,54,55͔:
where ͓27,55͔
f ͑ E*͒ϭexp͑Ϫ␥E*͒. ͑30͒
The value of the shell-correction damping parameter ␥ in Eq. ͑30͒ is not well known. For example, the two different values ␥ϭ0.064 MeV ͓54͔ and ␥ϭ0.05 MeV ͓55͔ were adjusted for shell correction washing out effect in energy level density for nuclei in the lead region. The damping parameter ␥ depends also on the proton and neutron number; see ͓24,56͔ for details. The macroscopic contribution E sadl macro ϪE g.s. macro to the fission barrier is close to zero or even negative. The fission barrier is determined by the ͑negative͒ shell-correction energy at ground-state deformation, which disappears with increasing excitation energy. Therefore, fission is the main decay mode of excited heavy nuclei.
Rotation of the compound nucleus leads to a reduction of the fission barrier, because the moment inertia is smaller for the ground state than for the strongly deformed nucleus at the saddle point. The fission barrier of the excited rotating nucleus is equal to 
͑32͒
in order to make use of literature values ͓8,9,16-27͔ for the fission barrier B of the nucleus in the ground state and of the shell correction energy ␦E g.s.
shell . The used values are given in Table I. The energy level density (E*, j f ,A,Z,␤ 2 ) introduced in Eqs. ͑21͒-͑24͒ is calculated according to Ignatyuk et al. ͓52͔ ͑E*,l,A,Z,␤ 2 ͒
where BCS is the density of noncollective nuclear excitations, K coll (E*,A) and K rot (E*,A) are the coefficients of the level density enhancement due to the vibrational and rotational collective motion, respectively. We use the parameters of the energy level density ͑33͒ as recommended in ͓52͔.
Note that the energy level density depends on the quadrupole deformation ␤ 2 and is therefore different for the ground-state and the saddle point.
Considering all effects discussed in Secs. II-IV, we write the cross section for the formation of SHEs in cold fusion at a kinetic energy E in the form
͑34͒

V. RESULTS AND DISCUSSION
The experimental investigation of excitation functions for the production of SHEs becomes increasingly difficult with increasing element number due to the decreasing cross sections. One of the heaviest systems studied experimentally over a wider range of excitation energy is Hs* ͓6͔, the data are shown in Fig. 2 . The maximum of the excitation function is located at a collision energy E cm Ϸ218 MeV and was assigned to the 1n-evaporation channel. Only one data point was observed for the 2n channel, which overlaps with the value at 225 MeV of the 1n channel. The full width at half maximum of the excitation function is approximately 4 MeV.
The experimental data are compared in Fig. 2 with several modifications of our model. In the simplest case, using tunneling through a one-dimensional barrier and the WKB method, the results strongly underestimate the experimental fusion cross sections. The position of the maximum of the excitation function is shifted into the direction of higher energy by about 3.5 MeV compared with the experimental value. Better agreement is obtained when the neutron transfer channels from lead to iron are taken into account. They occur with Q values of 1.3 MeV and 0.1 MeV for the 2n and 4n channels, respectively. We found, however, that the 4n channel is negligible due to its low Q value. Similarly, the cross sections increase by including in the calculations the low-energy 2 ϩ and 3 Ϫ surface vibrational excitations of both projectile and target. The best results are obtained by considering transfer and vibrations simultaneously.
The Krappe-Nix-Sierk potential ͓40͔ with the parameter set used in ͓43͔ was also used in our calculations of the nuclear part of the interaction. However, the strength constant was multiplied by a factor c V , and also the radius parameter r 0 was modified. The reason was that the barriers in the case of cold fusion are lower as in those cases, where the literature values were fitted. Using the original values of the parameters, the capture cross sections are too small and the resulting fusion-evaporation cross sections do strongly underestimate the experimental data. This is the case also, when transfer and vibrations are included. With the original parameter set, the barrier seems to be overestimated by several MeV in the case of the synthesis of SHEs, a result, which was also taken into account in the calculations in ͓12͔. For the radius parameter we used r 0 ϭ1.20 fm for all nuclei considered here. This value is a slightly bigger than r 0 ϭ1.16 as used in ͓43͔. The value of the factors c V used here are listed in Table I .
For the energies and the deformation parameters of the 2 ϩ and 3 Ϫ vibrational states of the nuclei studied here, we took experimental data published in the literature ͓57-65͔. In the case that no experimental values are known, we took the same values of energies and the deformation parameters of the 2 ϩ and 3 Ϫ vibrational states as for neighboring isotopes. The intrinsic barrier B Sph on the way from the touching configuration to the near spherical compound nucleus is close to 6 MeV for the reaction Pb. The important parameters, which determine the decay of the compound nucleus formed by cold fusion, are the quadrupole deformations in the ground state and in the saddle point, the fission barrier at zero excitation energy, the fission lifetime and the ground-state shell correction energy for the nuclei before and after neutron emission. The values for these parameters were taken from literature ͓16-20͔ and are listed in Table I . In the case of unavailable fission barriers ͑odd nuclei͒ and saddle-point deformations, we made an estimate by interpolation and with the help of the data shown in the graphs in ͓18-20͔.
The reduction of the cross section at low collision energy ͑Fig. 2͒ is related to the attenuation of the fusion barrier transmission. At high energy the cross sections decrease due to the decreasing survival probability of the compound nucleus. Because of the strong reduction of the fission barrier at increasing excitation energy, Eqs. ͑28͒-͑32͒, the fission width of the heated compound nucleus becomes much larger than the width for neutron evaporation. Therefore, the maximum of the excitation function shown in Fig. 2 originates from a balance between the fusion barrier transmission and the survival probability of the compound nucleus. Pb target are presented in Figs. 3-6 . In all cases the experimental data are well reproduced, when we take into account the coupling to the low-energy surface vibrations and to the neutron transfer channels. In the calculations we used for the strength of the nuclear part of the interaction potential c V and for the shell correction damping parameter ␥ ͓see Eq. ͑30͔͒ the values as given in Table I . These values were obtained by fitting to the experimental data. We found that the parameter c V is larger for the relatively light systems and close to 1 for the heavier ones. The values of the parameter ␥ increase with the element number. A similar trend was observed also in ͓24͔.
The 2n-evaporation channel for the reaction 50   Tiϩ   208 Pb → 258 Rf* is opened at a collision energy of Ϸ184 MeV. This energy is close to the maximum of the measured excitation function for the 1n channel; see Fig. 3 . The experimental data showed ͑see Fig. 19 in ͓2͔͒ that in these relatively light systems, Zр106, the 2n channel does well compete with fission at excitation energies close to Ϸ22 MeV and is, therefore, not negligible. This is no longer the case for the heavier systems, ZϾ106, where fission predominates. In our calculations, we took into account only one neutron emission for computational reasons. Therefore, the 1n channel is overestimated at higher excitation energies for the relatively light systems. For that reason, we drew in Fig. 3 Pb ͑even-odd residue͒. Due to this the branching ratio ⌫ n /⌫ fis is different; see also section 10.4 in ͓10͔.
The reactions using
208
Pb and more neutron deficient projectile isotopes have in general smaller cross sections. This trend was also observed experimentally; see Fig. 5 and ͓2͔ .
Especially important for the synthesis of the elements 114 and 116 using Ge and Se isotopes, respectively, is the barrier at the development to sphericity, B Sph ; see Pb target. Also here, the coupling to the transfer channels and to the low-energy surface vibrations is important for the relatively light systems. As for the even elements, the cross sections of the heaviest systems are dominated by the influence of the barrier B Sph . The dependence of the cross section for the production of the SHE's on the shell-correction damping parameter ␥ ͓see Eq. ͑30͔͒ and on the strength of the ion-ion interaction potential c V ͑see Table I and related text͒ is shown in Fig. 14 115ϩn. An increase of the parameter c V by 0.10 from the nominal value of 0.98 has only minor influence on the excitation function. Similarly small is the influence of the variation of the ground state binding energy E nbe . Here we lowered the value by 1.49 MeV which is the difference of E nbe between ͓42͔ and ͓43͔. Both an increase of ␥ by ϩ0.02 MeV Ϫ1 from the nominal value of 0.12 MeV Ϫ1 and a decrease of the barriers B ͓see Eq. ͑32͔͒ for compound nucleus B CN and SHE B SHE by ϩ0.3 MeV lower the cross section by about 30%. The cross section increases by about 30%, when we lower the shellcorrection energy by 1 MeV for both the compound nucleus, ␦E shel CN , and for the ground state of the residue after neutron emission, ␦E shel SHE . The variation of the shell-correction energy by 1 MeV is about half of its uncertainty.
A variation of the height of the inner spherization barrier by an uncertainty value of about 2 MeV from 16 to 14 MeV increases the production cross section by one order of magnitude. As expected, also the maximum is shifted to smaller values. Bi. The position of the maximum value is shifted by 2.5 MeV upwards.
VI. CONCLUSIONS
A theoretical description of the reaction process leading to fusion of SHEs is a difficult task. The nuclei are located at the limits of stability, and the reaction process is dominated by shell structure effects in projectile, target as well as compound nucleus. In addition, shell structure is needed for the calculation of the binding energy at large deformation in order to determine the barriers for fusion, V lk i( f ) , formation of sphere, B Sph , and fission, B*.
The aim of our investigation was to start developing a model for the description of the cold fusion reaction. The measured cross sections and the trend to decrease by about a factor of 3 per element could be rather well reproduced. However, due to the strong dependence of the cross sections on small variations of the binding energy of the compound nucleus and the fission barrier, an extrapolation into the region of new elements is rather uncertain.
We plan to further improve our model by comparison with experimental data, which will become available in the near future. Experiments are planned for the investigation of even-even evaporation residues resulting in more accurate values for nuclear binding energies. Also, various combinations of projectile and target need to be investigated, leading to similar compound systems and thus making small, however well defined changes of the fusing system. We hope that in the case of an accurate enough reproduction of the measured cross-section values and excitation functions, it will be possible, to make more accurate predictions for the further detailed planning of experiments using various combinations of projectiles and targets for the production of SHEs.
